Abstract. Distribution of vegetation properties is fundamental for understanding vegetation patterns and characteristics, improving estimates of infiltration, evapotranspiration, and soil erosion. A laser altimeter mounted in a small airplane was used to measure surface patterns of the landscape on the U.S. Department of Agriculture's Agricultural Research Service Walnut Gulch experimental watershed near Tombstone, Arizona. The airborne laser altimeter is a pulsed gallium-arsenide diode laser, transmitting and receiving 4000 pulses per second at a wavelength of 0.904^m. The laser has a 1-mrad field of view and is designed to have a vertical recording precision of 0.05 m on a single measurement. Aircraft altitude varied between 100 and 300 m for the flights. Digital data from the laser were collected with a portable computer and analyzed to provide information on changes in vegetation height, spatial patterns, and patchiness of vegetation cover. The laser-measured vegetation properties of plant height and canopy cover (>0.3 m) were not significantly different than field measurements made using the line-intercept transect method at seven of the eight sites evaluated. Although the laser measurements of canopy height were not significantly different from the ground measurements, the laser consistently overestimated canopy cover less than 0.3 m in height and underestimated canopy cover greater than 0.5 m. New techniques to discriminate the background noise in the laser return signal in sparsely populated shrub communities are necessary before this technique will be fully useful in estimating canopy cover on rangelands. These studies indicate the potential of airborne laser to measure vegetation patterns quickly and quantitatively. The laser also has the ability to separate and map distinctly different plant communities.
Introduction
patterns. Nonrandom patterns (clumped and uniform) imply that some constraints on the population exist. Clumping
Rangelands cover almost half the Earth's surface [Wil-suggests that individuals are aggregated in favorableparts of Hams et al. , 1968] . Much of this rangeland occurs in aridand the habitat. Uniform dispersion usually resultsfromnegative semiarid regions [Branson et al., 1981] and varies widely in interactions between individual plants in the population, height, distribution, and canopy cover [Tuller, 1982] . The Current methods of estimating soil loss and surface runoff spatial pattern of vegetation is an important and useful assume uniform distribution of vegetation across the landcharacteristic in the management ofnatural plant communi-scape [Wischmeier and Smith, 1978 ; Lane and Nearing, ties. An understanding of the variation in spatial and tempo-1989; Woolhiser et al, 1990] . Techniques to describe the ral patterns of vegetation attributes across the landscape is distribution of vegetation and the rate of change in both essential for understanding and predicting evapotranspira-spatial and temporal scales of plant hei ht> and tion, infiltration, erosion, and other factors related to management of the landscape [Forman and Godron, 1986] . Krabill, 1986; Nelson et al, 1988a, b] . The purpose of the paper is to describe the use of an airborne laser altimeter to measure vegetation height and canopy cover in semiarid rangelands and compare these measurements with similar ground measurements made using classical line-intercept methodology.
Study Area
The study area was located in the U.S. shed ranges from 1225 to 1950 m. The topography is gently rolling hills incised by a young drainage system with typical local relief of 17-25 m from ridgetop to valley floor [Renard, 1970] . The area is representative of the Chihuahuan desert scrub and semidesert grasslands in southeastern Arizona [Brown, 1982] . The lower two thirds of the watershed is dominated by shrubby vegetation with little herbaceous understory vegetation. The upper third of the watershed is dominated by grass [Gelderman, 1970] .
This study was done in conjunction with the Monsoon '90 experiment [Kustas et al, 1991] . The vegetation study sites were located within the eight atmospheric and evapotrans piration flux sites (METFLUX) (Figure 1 ) used during the Monsoon '90 experiment of August 1990. The complex heterogeneous plant communities evaluated presented a formidable challenge for both direct and indirect assess ments of vegetation height and canopy cover for the area surrounding each METFLUX site. The eight vegetation communities evaluated here ranged from grass-dominated sites, savanna grasslands, to desert scrub-dominated plant communities (Table 1) .
Methods and Materials
Ground measurements of vegetation properties were made along five 30.5-m line-intercept transects at each of the eight METFLUX sites in August 1990 and resampled in August 1991 for a total of 40 observations per year. Only the samples collected in 1991 were utilized in this analysis because of laser equipment failure with the 1990 flight. Ground mea surements of plant height, canopy diameter, standing bio mass, and canopy and ground cover were made by plant species on each line-intercept transect (Figure 2 ). Plant height, canopy diameter, and canopy cover were estimated using the line-intercept transect method [Canfield, 1941] . Ground cover was estimated using a 20-pin vertical point frequency frame on 0.5 by 1.0 m quadrats randomly located along the line-intercept transects [ Levy and Madden, 1933] . Three 20-point frame transects were evaluated within each of the 0.5 by 1.0 m quadrats for a total of 60 points. Ground cover characteristics measured were bare soil, gravel and rocks, litter, and basal plant area. Once ground cover was estimated, the quadrats were clipped to a 0.02 m stubble height by life-form (i.e., grass, shrub, cacti, and herb). The three quadrats from each line-intercept transect (total of 15) were clipped for an estimate of standing biomass at each METFLUX site (Table 2) . After the standing biomass had been removed, all litter on the soil was removed. All biomass and litter samples were ovendried at 70°C for 24 hours and weighed. Taxonomic nomenclature follows Kearney and
Vegetation properties were also measured from data col lected with a laser altimeter mounted in a small twin-engine aircraft in August 1991. The six laser flight lines are shown in Figure 2 . Each flight line was flown two times. Thus four laser transect flight lines were flown across the ground vegetation study sites at the eight METFLUX sites. Two flight lines were parallel to the five line-intercept transects at each METFLUX site used for ground measurements and two flight lines were perpendicular to the ground lineintercept transects.
The laser measured the distance between the aircraft and the landscape surface as defined by any object (i.e., vegeta tion, soil, rock, man-made structure) reflecting the laser pulse [Ritchie and Jackson, 1989; Ritchie et al, 1992a] . The aircraft flew at speeds between 60 and 75 m s-1 and at altitudes between 100 and 300 m. The laser is a pulsed gallium-arsenide diode laser, transmitting and receiving sig nals at a wavelength of 0.904 /urn. The laser was operated at 4000 pulses per second. Under these operating parameters a vertical distance measurement from the aircraft to landscape tHere G denotes grass and grasslike plants; F, forbs or herbs; HS, half-shrubs; and S, shrubs.
surface occurred at 0.015-to 0.019-m intervals along the flight line depending on the aircraft speed. Ground resolution of the laser was between 0.13 to 0.39 m dependingon aircraft altitude. The laser is designed to have a vertical recording precision of 0.05 m on a single measurement. Currently, the limiting factor on laser precision is the electronics which controls the timing of the laser pulse. A semiconductor solid-state detector was utilized to record the first laser return pulse. The current laser detector design has a very narrowwindow and only receives signals at a wavelength of 0.904 fim. This does not allow for capture and analysis of secondary returns like the NASA airborne oceanographic lidar(AOL) system or analysis of the full waveformresponse like the NASA multimode airborne radar altimeter (MARA). Data collected by the laser were recorded digitally on a portable computer and stored on a fixed disk along with data from a gyroscope and an accelerometer which were used to correct the laser data for aircraft motion (i.e., pitch, roll). A video camera, borehole-sited with the laser, recorded a visual image of the flight line. The video records 60 frames per second. Each video frame was annotated with consecu tive numbers and clock time. The video frame number was recorded simultaneously with the digital laser data to allow precise location of the laser data with the video data. At the eight ground measurement sites, a 30.5-m transect of laser data was analyzed for each of the four flight lines. The location of the laser transect was made using the video data to locate flight line markers which had been placed in the middle of the five ground measurement transects. The location of the selected laser segment was estimated to be 5-20 m from the area where the ground measurements were made.
Actual landscape elevation for the laser profiles was calculated for each laser measurement based on the eleva tion at the eight METFLUX sites. Ground surface elevation was defined as the minimum elevations along a laser transect. These minimum values were determined by calcu lating a moving minimum elevation for 21 laser measure ments; some manual editing of these minimum elevations was required in areas of dense vegetation cover to determine the ground surface. It was assumed that these minimum elevations represented ground surface while anything above the minimum was due to vegetation. [1988b]. Canopy height was calculated by subtracting the ground surface elevation (minimum measurements)from the actual laser measurements (landscape elevations) at each laser measurement point.
Canopy cover frequency distributions were determined using canopy height by counting the number of laser mea surements in a height category (at 0.1 m height increments) and dividing by the total number of laser measurements for a 30.5-m laser transect. A paired / test (fo.05,7) was em ployed to test the hypothesis that the laser profiling and line-intercept techniques produced a similar mean plant height and canopy cover. Distribution of vegetation along the laser and ground transects is represented graphically. LSD is least significant difference between plant attributes within column. A comparison of vegetation heights measured from the laser transect with those measured on the ground using line-intercept transect techniques showed a close compari son for six of the eight sites (Figure 4) . Sites 1-6 were located in areas of relativelyuniform vegetationheight, density, and distribution. Thus the selection of typical laser transects was The most fundamental requirement for obtaining valid statistical comparisons of plant community attributes is homogeneity of the area, for a fraction of an area cannot be relied upon to represent the entire area unless the latter is homogeneous [Daubenmire, 1968] . In natural rangeland plant communities, absolute homogeneity is unobtainable.
Results and Discussion
Our problemthen is one of eliminating as much heterogene ity as possible. No sample should overlap any portion of an ecotone or that sample will not represent either of the plant communities being sampled. Second, if the ecosystem con cept has merit, differencesin soil types, direction and degree of slope, and position between the ridgetop and valley floor all have an influence on the vegetation community [Dauben
The discrepancies in plant height measured by the laser among the six segments at site 7 indicate that we were actually mapping two discrete plant communities with the laser. By utilizing the video we were able to locate the laser [1985] also reported that laser profile techniques consistently underes timated tree height. Differences between the ground and laser measurements of plant height at the same site are due (1) to the inability to exactly colocate the ground and laser measurements, and (2) to the fact that ground measurements are made on total plant height whereas laser transects most typically intersect the sides or "shoulders" of plant cano pies. Based on the sampled standard deviation of laser estimated canopy heights, 230 transects would be needed to be within 10% of the population mean, as estimated by the ground-based samples, at a probability of 95%for site 8. The excessively high number of laser transects needed can be traced to the variability of the vegetation height as indicated by the high standard deviation (Figure 4 ). In addition to the variation in height, canopy diameter and distance between plants are quite variable. Average canopy diameter was 0.5 m and ranged from a maximum of 2.2 m to a minimum of 0.02 m with a standard deviation of 0.41. Distance between plants varied from 2.6 m to -0.6 m with a standard deviation of 0.55. The negative distance between plants indicates sub stantial canopy overlap and an overstory-understory rela tionship in the plant community between whitethorn and desert zinnia.
Because of the expense in flying that many transects, it is recommended that the laser transects be stratified by type of vegetation. Mean plant height can then be calculated on a weighted basis. The stratification can be accomplished by utilizing the video data or near-infrared sensors to classify data, there was less than 10% canopy cover due to vegeta tion greater than 0.5 m at all METFLUX sites except at site 7. Figure 7 illustrates the mean canopy cover for each site based on the laser and ground transect measurements and plotted for heights above the ground level. As with height, the laser estimate of canopy cover (>0.5 m) was similar to the ground-based measurements except at METFLUX sites 7 and 8. Although there is no significant difference in canopy cover greater than 0.5 m at six of the sample locations, the laser profiler consistently underestimated canopy cover. [1992b] working in thorn woodlands in south Texas found good correlation between observed canopy cover and laser-estimated canopy cover (r2 > 0.95). How ever, the ground and laser measurements of canopy cover differed (P > 0.05) when compared with a paired t test. The difference between sample techniques was attributed to comparisons of transects that were not exactly coregistered.
Ritchie et al
Canopy cover (>0.3 m) decreased from west to east along the flight lines. The smallest canopy cover was recorded at METFLUX site 5. Visual observations in the field indicated that site 5 was being continuously, heavily grazed by cattle. The presence of a single-receiver GPS data record from the aircraft is thought to provide at best a few to 10 m absolute position accuracy [Bufton et al, 1991] . The inclusionof GPS data sets with laser profiler data should improve both the accuracy and the precision of the technique for estimating canopy cover on rangelands.
It is likely that some of the laser measurements of height above the ground level in the range of 0.1-0.3 m may be due to large rocks or other debris on the ground surface. At all of the METFLUX sites (Table 2) except METFLUX site 7 (10% rock) the soil surface was well armored with an erosion pavement (>45% rock). In addition, Kincaid and Williams [1966] reported that the deviation of ground surface height (microtopography) of the area surrounding the METFLUX 1 site on the watershed was 0.1 m. After the summer monsoon period the deviation in ground surface height decreased slightly as a result of raindrop compaction. Currently, we have no method to determine whether we are measuring live standing vegetation, dead standing vegetation, litter and debris on the soil surface, protruding surface rocks, or a decrease in surface elevation (i.e., rill or ephemeral gullies caused from concentrated flow erosion) with the laser.
Above 0.3 m, all objects observed on the watershed were vegetation based of field observations.
Conclusions
Landscape surface features were measured using a laser altimeter mounted in a small aircraft. Analyses of these laser profiles were used to measure differences in vegetation height, cover, and spatial patterns. In general, vegetation height and cover (>0.3 m) decreased as the vegetation changed from a brush-grass dominated rangeland to a grassbrush dominated rangeland. Measurements of laser vegeta tion height were not significantly different from measure ments made on the ground using classical line-intercept transect techniques for seven of the eight sites evaluated. Patterns of vegetation height and cover measured with the laser followed the pattern of vegetation mapped on the ground. By analyzingpatterns of vegetation heights with the laser it was possible to differentiate between a mesquite savanna and a riparian vegetation plant community. The laser has the potential to determine trends in plant commu nities by monitoringchanges in plant height and density over time. This study indicates that the laser altimeter can be used to measure landscape surface features quickly for large areas of rangelands. The laser can be utilized in areas from which it might be impossible to collect data otherwise because of inaccessibility or cost. The major limitation in estimating canopy cover with the laser on semiarid rangelands is developmentof methodology to discriminatethe background noise in the laser pulse that develops as a result of penetrat ing the open canopy structure of most semiarid shrubs.
